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Cross section electron-beam induced current (EBIC) and illumination-dependent current voltage (IV)
measurements show that charge carrier transport in Cu(In,Ga)Se2 (CIGSe)/CdS/ZnO solar-cells is
generation-dependent. We perform a detailed analysis of CIGSe solar cells with different CdS layer
thicknesses and varying Ga-content in the absorber layer. In conjunction with numerical simulations,
EBIC and IV data are used to develop a consistent model for charge and defect distributions with a
focus on the heterojunction region. The best model to explain our experimental data is based on a pþ
layer at the CIGSe/CdS interface leading to generation-dependent transport in EBIC at room
temperature. Acceptor-type defect states at the CdS/ZnO interface cause a significant reduction of the
photocurrent in the red-light illuminated IV characteristics at low temperatures (red kink effect).
Shallow donor-type defect states at the pþ layer/CdS interface of some grains of the absorber layer
are responsible for grain specific, i.e., spatially inhomogeneous, charge carrier transport observed in
EBIC.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788827]
I. INTRODUCTION
Cu(In,Ga)Se2 (CIGSe)/CdS/ZnO solar-cells consist of a
multilayer stack of semiconductor and metallic layers. Due
to the complexity of the structure with two heterojunctions
(CIGSe/CdS and CdS/ZnO) involved, there are still some
open questions concerning defect and charge distributions
and the influences on charge carrier transport.
One important finding reported in the literature is the
occurrence of generation-dependent charge carrier transport
in electron-beam induced current (EBIC) measurements on
cross sections of CIGSe solar cells1 and illumination-
dependent current voltage (IV) analysis.2–4 In EBIC, a signifi-
cant decrease of the short circuit current was observed for
electron beam irradiation in the absorber bulk without genera-
tion in the heterojunction region.1 In IV analysis, the solar
cell current was found to decrease significantly under forward
bias, which leads to the typical “kink” shape of the IV
curve.2–4 The phenomenon is denoted as “red kink” if it only
occurs under red light illumination. Several models have been
proposed, which are all based on the assumption of a high
density of acceptor-type defect states. These are either located
in the absorber layer close to the CIGSe/CdS interface (pþ
layer),1,4,5 within the CdS layer2,3,6 or at the CdS/ZnO inter-
face.7,8 In all models, the defect states are mostly occupied by
electrons for generation conditions that imply a low hole den-
sity in the heterojunction region (red light illumination, elec-
tron beam irradiation in the bulk of the absorber layer). The
resulting high local negative charge density leads to a signifi-
cant current decrease for short circuit conditions in EBIC and
in the forward bias range in IV analysis. In the following, the
models are explained in more detail.
A. p1 layer
The local doping density of the CIGSe layer close to the
interface to CdS in a completed solar cell has not been clari-
fied yet. Some publications suggest n-type conductivity either
caused by Cd diffusion9,10 or the formation of an n-type
defect compound with an enlarged bandgap energy.11 Other
publications suggest a pþ layer (high density of acceptor-
type defect states)5 or a pþ layer and additional donor-type
defect states at the pþ layer/CdS interface.12 It was shown
that a pþ layer can account for a kink for red and white light
illumination.4,13 Kniese et al. presented numerical simula-
tions demonstrating that a pþ layer and additional donor-type
defect states at the pþ layer/CdS interface can also account
for generation-dependent transport in EBIC.1 As possible mi-
croscopic origins for a pþ layer, the acceptor configurations
of the amphoteric (VSe  VCu) and (InCu þ 2VCu) (DX cen-
ter) defect complexes as calculated by Lany and Zunger14,15
were suggested.16,17 An alternative explanation is based on
field induced Cu-migration in CIGSe.18,19 Cu-ions drift away
from the heterointerface until an equilibrium is reached. This
leads to a Cu-depleted CIGSe surface with a higher acceptor
density than the bulk of the material.
B. Deep acceptors in the CdS layer
An alternative explanation for the red kink effect in
IV is based on deep acceptor-type defect states in the
CdS in addition to shallow n-type doping.2,3 The degree of
compensation, i.e., the effective charge density in the
CdS, depends on the occupation of this deep acceptor. For
illumination with light which is not absorbed in the CdS
(red light), the local hole density is low and the acceptor
is mainly occupied by electrons. The positive charge of thea)Electronic mail: melanie.nichterwitz@helmholtz-berlin.de.
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shallow n-type doping is either reduced or even over-
compensated, and most of the potential drops across the CdS
layer. For white light illumination, photo-generated holes are
trapped in the CdS, and more potential drops across the CIGSe
layer. Hou et al.2 concluded that for red light illumination,
collection in the absorber layer is limited to diffusion instead
of drift. This can reduce the photocurrent especially under for-
ward bias thereby leading to a red kink. In the model by
Eisgruber et al.,3 a spike in the conduction band at the CIGSe/
CdS interface serves as an effective barrier for the electron
current from CIGSe into CdS for red light illumination at low
temperatures. For white light illumination, the electron density
at the interface is higher due to the generation in the CdS
layer. Consequently, the effective barrier is lower and the cur-
rent is not impeded.
C. Acceptors at the buffer/window interface
Numerical simulations showed that acceptor-type
defect states at the buffer/window interface can also cause
a kink in the IV curve.7 Nguyen et al.20 found that such
interface states do play a role, in particular, in solar cells
with In(OH,S) buffer layers. In devices with CdS, the
defect density seemed to be rather low (7 109cm2).
Another possible configuration leading to a red kink is
given by a high density of interface defects at both front
heterointerfaces (CIGSe/CdS and CdS/ZnO interfaces).8 If
the Fermi level is pinned by donor-type defect states at the
CIGSe/CdS interface close to the conduction band mini-
mum and further away at the CdS/ZnO interface by
acceptor-type defect states, there is field inversion in the
CdS. This can form a barrier for the electron current from
the absorber layer.8
So far, a quantitative description and numerical simula-
tions of generation-dependent charge carrier transport were
only presented for either one of the experimental effects in
IV and EBIC (mostly IV). In the present work, we will
derive a consistent model for EBIC and IV data of the same
solar cell. The advantage of this combination of techniques
is to obtain both spatially resolved and integral information
about charge carrier transport for different generation condi-
tions. We performed cross section EBIC and IV measure-
ments on CIGSe/CdS/ZnO solar cells with absorber layers of
varying Ga-content and different CdS layer thicknesses.
With one dimensional numerical simulations, we test the
existing models and develop a consistent model for space
charge distributions, interface properties, and resulting trans-
port properties.
The present publication is organized as follows. Experi-
mental details and the basics of EBIC and the numerical sim-
ulations are given in Sec. II. In Sec. III, the results of EBIC
and IV measurements on CuInSe2 (CISe) solar cells, a series
of CuInSe2 solar cells with varying CdS thickness, and a se-
ries of CIGSe solar cells with absorber layers with varying
Ga-content and corresponding numerical simulations are pre-
sented. After that, we summarize our results and discuss
them further in the frame of conclusions drawn in the litera-
ture in Sec. IV. In Sec. V, our conclusions are summarized
briefly.
II. EXPERIMENTAL DETAILS AND METHODS
A. Experimental details
The solar cells used for the present study were fabricated
at the Helmholtz-Zentrum Berlin and use soda lime glass as
a substrate. They consist of a multilayer stack of a sputtered
molybdenum back contact (1 lm), an evaporated p-type
CIGSe absorber layer (2 lm), an n-type CdS buffer layer
(50 nm) deposited in a chemical bath, and a sputtered dou-
ble layer of intrinsic ZnO (i-ZnO) and Al-doped ZnO
(Al:ZnO) (n-type). On top of the ZnO window layer, there is
an evaporated Ni:Al contact grid.
The CIGSe absorber layers were evaporated in a multi-
stage coevaporation process21 based on the three-stage phys-
ical vapor deposition process.22 During the first stage, a
layered precursor of In, Ga, and Se is deposited at a substrate
temperature of 330 C. The evaporation of In and Se and that
of Ga and Se is carried out separately in order to control the
final Ga to In ratio ([Ga]/([Ga] þ [In])¼: Ga/III) of the CIGSe
layer. During the second stage, Cu and Se are evaporated at
a substrate temperature of 525 C. The stoichiometric point
of CIGSe is detected by means of laser light scattering.23 In
a standard process, Cu and Se are evaporated until the layer
has a Cu-content [Cu]/([Ga] þ [In])¼: Cu/III of approxi-
mately 1.15. During stage three, In, Ga, and Se are evapo-
rated simultaneously until the layer has a final Cu-content of
Cu/III¼ 0.7–0.9.
For EBIC, the electron-beam induced current IEBIC is
transformed into a voltage, amplified by use of a transimpe-
dance amplifier and eight bit digitized. The measurements
were performed in a Zeiss Leo Gemini 1530 microscope
with a field emission gun using electron beam currents from
7 to 315 pA and electron beam energies from 5 to 18 keV.
For current to voltage conversion and amplification, a Femto
DLPCA 200 transimpedance amplifier was used.
The IV measurements were performed in a closed-cycle
helium cryostat by use of a Keithley 238 source measure
unit. The sample temperature was determined by a calibrated
Si-diode mounted on a glass substrate identical to the solar
cell substrates. For illumination, a HMI (helium medium arc
length iodide) lamp of type Osram HMI 575W/SEL was
used. The light denoted as red light in the following consists
of the long wavelength range of the lamp spectrum with a
cut-off wavelength at 630 nm. The absorption edge of CdS
with a bandgap energy of approximately 2.4 eV corresponds
to a wavelength of 517 nm, which means that red light is not
absorbed in the CdS via band-to-band transitions. Before the
measurement, the solar cells were stored in the dark for at
least 1 h at a temperature of 320K for relaxation.
B. Electron-beam induced current
In an EBIC experiment, the electron beam of a scanning
electron microscope is used to generate electron-hole pairs
in the semiconductor layers of a solar cell. These can either
recombine or they are collected, i.e., measurable as an exter-
nal current, which depends on the position of irradiation, the
electron beam current Ib and energy Eb and the electronic
properties of the solar cell. For the present study, we used
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the cross section configuration, which is depicted in Figure 1.
A line profile of short-circuit current values IEBIC perpendicu-
lar to the pn-junction (direction x) will be called EBIC profile
in this work.
For a simple and instructive analytical description of
EBIC data, translation invariance parallel to the pn-junction
is assumed and the problem is restricted to one dimensional
expressions. The probability that a charge carrier generated
at position x is collected, is given by the collection function
fcðxÞ. It can be obtained from the following differential equa-
tion for the field free region of a p-type semiconductor under
low injection conditions:24
DeDfcðxÞ  fcðxÞse ¼ 0; (1)
where De stands for the electron diffusion coefficient and
se for the electron lifetime. With the boundary conditions
fcðxSCRÞ ¼ 1 and De ddx fcðxCÞ ¼ SCfcðxCÞ, a solution for
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where xSCR stand for the position of the edge of the space
charge region, xC for the position of a semiconductor-metal
contact, SC for the contact recombination velocity of elec-




for the electron (minority charge car-
rier) diffusion length.
IEBIC can be expressed as a convolution of the collection






where a denotes the position of irradiation.
C. Numerical simulations
The numerical simulations of EBIC and IV data shown in
this publication were performed by use of the one-dimensional
device simulator SCAPS.25 The simulation algorithm finds
numerical solutions to the Poisson equation and the continuity
equations for electrons and holes. For the transport mechanism
across the heterojunctions, thermionic field emission is
assumed, i.e., intraband tunneling is included. For charge car-
rier generation in EBIC, an electron beam generation profile
according to the equations given in Ref. 26 was used. The ba-
sic set of parameters for a CISe solar cell (denoted as stand-
ard) is listed in Table I and changes to these parameters are
given in the text or figure captions. If not stated differently,
the capture cross sections of electrons and holes are assumed
to be re ¼ 1015 cm2 and rh ¼ 1013 cm2 for acceptors, and
re ¼ 1013 cm2 and rh ¼ 1015 cm2 for donors and flatband
alignment of the conduction band is assumed. The electronic
band diagram for the standard set of parameters is depicted in
Figure 2.
FIG. 1. Schematic of an EBIC experiment on a CIGSe/CdS/ZnO solar cell.
TABLE I. SCAPS simulation parameters of the standard CISe solar cell:
Se;h: recombination velocity of electrons and holes, Ub: contact barrier, d:
thickness, Eg: bandgap energy, ve: electron affinity, : dielectric permittivity,
le;h: electron and hole mobility, vth;e;h: thermal velocity of electrons and
holes, NC;V: effective density of states in conduction and valence band, Nd
shallow n-type doping density, Na shallow p-type doping density, Nt defect
density, Et defect energy (monoenergetic), re;h: capture cross section for
electrons and holes, se;h: lifetime of electrons and holes, Le;h: diffusion
length of electrons and holes.
Contacts
Front Back
Se ðcm=sÞ 1 107 1 107
Sh ðcm=sÞ 1 107 1 107
Ub (eV) 0 0
Layers
ZnO i-ZnO CdS CISe
d ðlmÞ 0.37 0.08 0.05 1.7
Eg (eV) 3.3 3.3 2.4 1.0
ve (eV) 4.5 4.5 4.5 4.5
 9 9 10 13.6
le ðcm2=VsÞ 40 40 40 40
lhðcm2=VsÞ 10 10 10 10
vth;e ðcm=sÞ 1 107 1 107 1 107 1 107
vth;hðcm=sÞ 1 107 1 107 1 107 1 107
NC (cm
3) 2.2 1018 2.2 1018 2.2 1018 2.2 1018
NV (cm
3) 1.8 1019 1.8 1019 1.8 1019 1.8 1019
Nd (cm





3) 1 1016 1 1016 1 1015 2 1015
Et (eV) 1.65 1.65 1.2 0.5
re (cm
2) 1 1015 1 1015 1 1015 2 1014
rh (cm
2) 1 1013 1 1013 1 1012 1 1013
Calculated quantities
se (ns) 10 10 100 2.5
sh (ns) 0.1 0.1 0.1 0.5
Le ðlmÞ 1 1 3.2 0.51
Lh ðlmÞ 0.051 0.051 0.029 0.11
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III. RESULTS
In this section, we present experimental results of EBIC
and IV measurements and corresponding numerical simula-
tions of CISe solar cells (Subsections III B and III C), a series
of CISe solar cells with varying CdS layer thickness
(Subsection III D), and a series of CIGSe solar cells with
absorber layers of varying Ga-content (Subsection III E).
A. Room temperature IV data
Table II shows the room-temperature solar cell parameters
and absorber layer compositions of the solar cells used for the
present study. Two different series of solar cells were investi-
gated: a varying Ga-content of the absorber layer (Ga-series)
and different CdS layer thicknesses (CdS-series). Please note
that our results and conclusions may only be representative for
a large part of the solar cells from our lab with absorber layers
deposited in a multistage evaporation process. Different depo-
sition processes and process parameters can lead to devices
with substantially different electrical properties.
B. EBIC
We used CISe solar cells, because their electronic prop-
erties are easier to describe than those of CIGSe solar cells,
which often exhibit a gradient in Ga-content throughout the
absorber layer. In comparative studies, we found, however,
that our results are transferable to CIGSe solar cells with
absorber layers of low Ga-content (0:35) and a similar Cu-
content.27
In Figure 3, a secondary electron (SE) image (a) and
corresponding EBIC maps (b) recorded with different elec-
tron beam energies of a fractured CISe solar-cell cross sec-
tion are shown. From these EBIC maps, line profiles
perpendicular to the pn-junction were extracted, which are
shown in Figure 4(a).
In Figure 4(b), EBIC profiles calculated according to
Eq. (3) are displayed. fc is assumed to be 1 in the space
charge region because of field-assisted charge carrier collec-
tion. In the field free region, Eq. (2) is valid. The parameters
are adjusted such that the measured and calculated profiles
for an electron beam energy of 18 keV coincide. Measured
and calculated profiles deviate significantly and a simulation
of the measured curves for different electron beam energies
is not possible with a constant set of parameters, i.e., a fixed
collection function. At a certain distance from the CISe/CdS
interface, which depends on the electron beam energy, the
measured current starts to decrease significantly. The de-
pendence of the width of the profile maxima on electron
beam energy is more pronounced than expected. The abrupt
and Eb-dependent current decrease has also been observed
by Kniese et al.1 and will be denoted as EBIC kink in the fol-
lowing. Since the extension of the generation volume is
larger for a higher electron beam energy, this finding shows
that charge carrier transport is generation-dependent: there is
a significant current decrease for irradiation without genera-
tion in the heterojunction region.
In the following, we will show numerical simulations of
EBIC profiles for simulation parameters according to the
models for generation-dependent charge carrier transport dis-
cussed in the literature. These are: a pþ layer at the CISe/
CdS interface (IF1), a high density of deep acceptor-type
defect states in the CdS layer, and a high density of acceptor-
type defect states at the CdS/ZnO interface (IF2). The pa-
rameters for these simulations are summarized in Table III.
FIG. 2. Simulated electronic band diagram of a CISe solar cell for the simu-
lation parameters listed in Table I (T¼ 300 K).
TABLE II. Solar cell parameters and absorber layer compositions of the so-
lar cells with absorber layers of varying Ga-content (Ga-series) and different
CdS layer thicknesses (CdS-series). The average values of all solar cells of
the same substrate are given (solar cells with a deviation of more than 20%
in efficiency from the maximum value were excluded).
VOC jSC FF g
(mV) (mA=cm2) (%) (%) Cu/III Ga/III
Ga-series
Ga/III ¼
0 (CISe) 460 40.5 71.7 13.4 0.83 0
0.3 655 30.6 72.8 14.6 0.77 0.34
0.5 657 27.8 69.8 12.7 0.76 0.50
0.7 762 21.9 60.0 10.0 0.85 0.73
1 696 12.4 47.3 4.1 0.89 1
CdS-series
dCdS (nm) ¼
25 421 41.1 67.0 11.6 0.72 0
50 442 38.1 70.8 11.9 0.72 0
120 414 37.8 61.4 9.6 0.72 0
170 331 35.2 54.6 6.4 0.72 0
FIG. 3. SE image (a) and EBIC maps (b) for different electron beam ener-
gies Eb and for electron beam currents Ib in between 37 nA for Eb ¼ 5 keV
and 58 pA for 18 keV at the same position of a cross section of a CISe solar
cell. The arrow marks the position where the EBIC profiles shown in Figure
4(a) were extracted.
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After, we will show EBIC profiles and corresponding numer-
ical simulations of different grains of the absorber layer.
1. p1 layer (model A)
In Figure 5, three simulated EBIC profiles are shown for
the standard set of parameters (i), for a pþ layer between the
CISe and the CdS layer (ii), and for a pþ layer with a low-
ered valence band maximum with respect to the CISe layer
(iii). The EBIC profile of the standard CISe solar cell (i)
exhibits a broad maximum and a rather smooth decrease
towards the back contact. A pþ layer (ii) leads to a smaller
width of the profile maximum, which is explainable by a
reduced width of the space charge region. An EBIC kink,
i.e., an abrupt decrease in current, is only present for a pþ
layer with a lowered valence band maximum (iii). For the
latter set of parameters (iii), which is denoted as model A in
the following, the agreement between the measured and
simulated EBIC profiles is good for all electron beam ener-
gies, which is shown in Figure 6(a).
FIG. 4. Normalized measured (a) and calculated (b)
EBIC profiles for different electron beam energies
Eb. Parameters for analytical calculation: minority
charge carrier diffusion lengths Le;CISe ¼ 420 nm,
Lh;n-side ¼ 50 nm, width of space charge region
wSCR ¼ 450 nm and contact recombination veloc-
ities SC ¼ 107 cm/s at both contacts.
TABLE III. Parameters for the simulation of the EBIC kink within models A, B1, B2, and C (Figure 6) and the IV curves for models A1, A2, A3, B1, B2, and
C shown in Figure 11. All other parameters are as stated in Table I. IF1 denotes the CISe/CdS interface and IF2 the CdS/ZnO interface. The defect energies of
the bulk defects are given with respect to the valence band maximum of the respective layer (EV) and those of interface defects with respect to EV;pþ at IF1
and EV;CdS at IF2. For the CISe layer, re stands for the capture cross section of the midgap acceptor-type defect state.
Model A A1 A2 A3 B1 B2 C
EBIC or IV? EBIC IV IV IV EBIC IV EBIC IV EBIC IV
CISe layer
re (cm
2) 2 1014 2 1015 2 1015 2 1015 2 1014 2 1015 2 1014 2 1015 2 1014 2 1015
Le (lm) 0.51 1.6 1.6 1.6 0.51 1.6 0.51 1.6 0.51 1.6
pþ layer
dpþ (nm) 30 30 30 30 … … … … … …
Eg;pþ (eV) 1.3 1.3 1.3 1.3 … … … … … …
Nt;pþ (cm3) 1:5 1017 2 1017 2 1017 1 1017 … … … … … …
Et;pþ (eV) 0.5 0.5 0.5 0.5 … … … … … …
re (cm
2) 1015 1018 1015 1015 … … … … … …
rh (cm
2) 1013 1012 1013 1013 … … … … … …
le;pþðcm2=VsÞ 4 4 4 4 … … … … … …
lh;pþðcm2=VsÞ 1 1 1 1 … … … … … …
IF 1
Nt;IF1 (cm
2) … 2 1011 2 1011 2 1011 … 2 1011 … 2 1011 … 2 1011
Et;IF1 (eV) … 1 1 1 … 1 … 1 … 1
CBOIF1 (meV) 0 100 100 0 350 Variable 100 100 0 0
CdS layer
Nt;CdS (cm
3) … … 1017 … 5 1016 5 1016 2.2 1017 2.2 1017 … …
Et;CdS (eV) … … 1.2 … 1.2 1.2 1.2 1.2 … …
re (cm
2) … … 1015 … 1015 1015 1014 1014 … …
rh (cm
2) … … 1013 … 1013 1013 1012 1012 … …
Nd;CdS (cm
3) 1016 1016 1.1 1017 1014 1016 1016 1017 1017 1016 1016
le;CdSðcm2=VsÞ 4 4 4 4 40 40 40 40 40 40
lh;CdSðcm2=VsÞ 1 1 1 1 10 10 10 10 10 10
IF 2
Nt;IF2 (cm
2) … … … … … … … … 8 1011 8 1011
Et;IF2 (eV) … … … … … … … … 1.8 1.8
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The mechanism underlying generation-dependent trans-
port in this model is a varying width of the space charge
region in the absorber layer for different irradiation positions.
This is shown by the electronic band diagrams in Figure 7(a).
Under electron beam irradiation, the occupation of a deep
defect state is governed by capture and emission of charge
carriers according to the Shockley Read Hall theory.28 The
emission and capture rates depend on the local charge carrier
densities, which in turn depend on the position of generation.
Because of the high acceptor density in the pþ layer, the
potential distribution across the pn-heterojunctions directly
depends on the local electron and hole densities in the pþ
layer. In equilibrium, the Fermi level is pinned at the acceptor
energy. For generation far away from the pþ layer within the
bulk of the CISe layer, the hole density in the pþ layer is
low, because holes diffuse in direction of the back contact.
Electrons move in direction of the heterointerface and are
trapped into the acceptor-type defect state. Due to the high
local negative charge density, the width of the space charge
region is small, and most of the potential drops in the n-type
layers. If there is generation within the pþ layer, photo-
generated holes are also trapped and reduce the negative
charge density in the pþ layer, and the space charge region
extends into the CISe layer. The EBIC kink within this model
results from the fact that field assistance makes collection
more efficient than pure diffusion in the quasi neutral region
of the absorber layer. This is the case if the diffusion length is
significantly smaller than the layer thickness. When moving
the position of irradiation away from the CISe/CdS interface
into the absorber layer, the position where the generation rate
in the pþ layer gets too low resulting in a current decrease
varies for different electron beam energies: the higher the
electron beam energy, the broader is the generation profile,
and the further away is this position from the CISe/CdS inter-
face (see Figure 6(a)).
2. Deep acceptors in CdS (models B1 and B2)
We will now examine if the model of deep acceptor-
type defects in the CdS and a conduction band spike at the
CIGSe/CdS interface,3,6 i.e., a positive conduction band off-
set at IF1 (CBOIF1), (denoted as model B1) can explain
generation-dependent transport in EBIC. In Figure 8, simu-
lated EBIC profiles are shown for different offset values. An
EBIC kink is observed for a spike larger than 300meV. The
agreement of simulated and experimental data for different
electron beam energies regarding the position of the EBIC
kink, i.e., the position where the profiles decrease signifi-
cantly, is good for a spike of 350meV, which is shown in
Figure 6(b). The electronic band diagrams for electron beam
irradiation with and without generation in the CdS are
shown in Figure 7(b). The effective barrier to overcome the
conduction band spike depends on the value of the conduc-
tion band offset and the electron density at the CISe/CdS
interface. It is larger for electron beam irradiation without
FIG. 5. Simulated EBIC profiles (Eb ¼ 10 keV, Ib ¼ 10 pA, T¼ 300K) for:
(i) standard CISe solar cell, i.e., no pþ layer (Table I), (ii) pþ layer
(Eg;pþ ¼ Eg;CISe), (iii) model A: pþ layer with Eg;pþ ¼ 1:3 eV, valence band
offset (VBO) between pþ layer and CISe.
FIG. 6. Experimental (exp.) and simulated (sim.)
EBIC profiles for different electron beam energies.
(a) Model A as in Figure 5 (iii). (b) Model B1:
midgap acceptors in CdS and a conduction band off-
set (spike, 350meV) at the CISe/CdS interface
(IF1). (c) Model B2: higher density of midgap
acceptors in CdS and small conduction band spike
at IF1 (100meV). (d) Model C: acceptors at the
CdS/ZnO interface.
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generation in the CdS, which explains the occurrence of an
EBIC kink.
If an even higher density of compensating acceptors in
the CdS is assumed, its generation-dependent occupation
probability can cause an EBIC kink without a large conduc-
tion band spike (denoted as model B2). This model is simi-
lar to that proposed by Hou et al.2 to explain the red kink.
Figure 6(c) shows that the agreement between the experi-
mental and simulated data is good. In Figure 7(c), the elec-
tronic band diagrams for electron beam irradiation with and
without generation in the CdS layer are shown. The main
difference is the potential distribution throughout the de-
vice: without generation in the CdS, more potential drops in
the CdS layer and the width of the space charge region
within the CISe layer is smaller. Thus again, a varying
width of the space charge region in the CISe layer causes
the EBIC kink.
3. Acceptors at CdS/ZnO interface (IF2, model C)
A third model discussed in the literature to explain the red
kink is that of acceptor-type defect states at the CdS/ZnO
interface (denoted as model C).5,8 Corresponding simulated
EBIC profiles are shown in Figure 6(d). The agreement
between the experimental and simulated data is good. Again, a
change in the width of the space charge region in the CISe
layer caused by a generation-dependent occupation probability
of the acceptor-type defect state at the CdS/ZnO interface is
responsible for the occurrence of the EBIC kink. This is high-
lighted by the electronic band diagrams shown in Figure 7(d).
4. EBIC results for different grains
In Figure 9, a SE image (a) and an EBIC map (b) of two
neighbouring grains of the absorber layer of a CISe solar cell
are shown. Whereas the right grain appears completely bright
FIG. 7. Simulated electronic band diagrams of a
CISe solar cell for different electron beam irradia-
tion conditions (Eb ¼ 10 keV, Ib ¼ 10 pA) for the
parameters of (a) model A, (b) model B1, (c) model
B2, and (d) model C (T¼ 300K).
FIG. 8. Simulated EBIC profiles for the parameters of model B1 (deep
acceptors in CdS with) and different values of the conduction band offset
(spike, CBOIF1) at the CISe/CdS interface. An EBIC kink occurs for a spike
larger than 300meV.
FIG. 9. SE image (a) and EBIC map (b) of a CISe solar cell for two different
grains of the absorber layer (Eb ¼ 10 keV). The significantly different EBIC
signals in these two grains show that charge carrier transport is spatially in-
homogeneous throughout the solar cell.
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in the EBIC map, the left grain exhibits a narrow bright area
located close to the pn-junction and appears rather dark in the
quasi neutral region of the absorber layer. Thus, charge carrier
transport is inhomogeneous throughout the absorber layer. In
Figures 10(a) and 10(b), EBIC profiles of two other grains of
the same absorber layer are shown for different electron beam
currents in the range of 7 to 315 pA. At position 1, an EBIC
kink occurs for all electron beam currents, whereas it is only
observable for the highest value at position 2. For lower elec-
tron beam currents, the collection in the quasi neutral region is
better. We find that the shape of EBIC profiles varies signifi-
cantly in different grains of the absorber layer, whereas pro-
files from different positions in the same grain are normally
similar. We conclude that the occurrence of generation-
dependent charge carrier transport depends on the density of
excess charge carriers. The critical density for the “onset” of
generation-dependent transport is grain-specific.
We will now show that, within the model of a pþ layer,
the assumption of an additional shallow interface donor at
the pþ layer/CdS interface (IF1) can explain the observed
dependence of the profile shape on the electron beam current
displayed in Figures 10(a) and 10(b). For the profiles shown
in Figure 10(c), only a pþ layer is assumed and the profile
shape is the same for all electron beam currents. For the pro-
files shown in Figure 10(d), however, a donor-type defect
state at the pþ layer/CdS interface, pinning the Fermi level
at the interface close to the conduction band minimum, is
assumed. The dependence of the EBIC profiles’ shape on the
electron beam current is similar to that of the measured ones
shown in Figure 10(b). For this “intermediate” density of
shallow interface donors, the occurrence of the EBIC kink
depends on the occupation level of the donor for irradiation
without generation in the pþ layer. The occupation in turn
depends on the electron current from the CISe into the CdS
layer, i.e., on the density of generated charge carriers. For a
small current density, the positive charge of the excited do-
nor compensates the negative charge of the pþ layer and no
EBIC kink occurs. For a higher current density, however, the
donor state gets occupied by electrons to a higher degree. Its
positive charge is not sufficient to compensate the negative
charge trapped in the pþ layer. In consequence, the width of
the space charge region in the CISe layer is smaller. This
leads to reduced collection and an EBIC kink. The assump-
tion of shallow interface donors at IF1 can also explain the
observed dependence of the profile shape on electron beam
current for models B1, B2, and C, which is shown in more
detail in Ref. 27. Thus, a varying interface donor density at
the interfaces of different CISe grains to CdS is a possible or-
igin of grain-specific charge carrier transport.
C. IV characteristics
In Figure 11(a), red and white light illuminated IV
curves measured at a temperature of 100K are shown. While
the fill factor of the white light illuminated IV curve is 80%,
it is only 32% for red light illumination. A significant
decrease in photocurrent under red light illumination and for-
ward bias results in a poor fill factor and the characteristic
“kink” shape of the curve, which is denoted as “red kink”
effect. Generation conditions are different for red and white
light illumination: while there is no generation in the CdS
and ZnO layers for red light, white light contains high energy
photons generating electron-hole pairs also in the n-type
layers. The fact that a kink only occurs for red light means
that charge carrier transport is generation-dependent. In this
way, the red kink effect exhibits similarities to the EBIC
kink introduced above. In Figure 11(b), the temperature de-
pendence of the red light illuminated IV curves of the same
FIG. 10. (a) and (b) Measured EBIC profiles of two
different grains for different electron beam currents
Ib (Eb ¼ 10 keV). (c) and (d) Simulated EBIC pro-
files for different electron beam currents Ib for (c) a
pþ layer only (parameters as for curve (iii) in Fig-
ure 5) and (d) a pþ layer (Nt;pþ ¼ 4 1017cm3)
and a shallow interface donor at the CISe/CdS inter-
face (Nt;IF1 ¼ 1012cm2, Et;IF1 ¼ EV;pþ þ 1 eV).
(To obtain better agreement, re of the CISe midgap
defect was changed to 1015cm2 resulting in
Le;CISe ¼ 2:3lm for the profiles shown in (d).)
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solar cell is depicted. The lower the temperature, the more
pronounced is the red kink effect and the smaller is the fill
factor.
For the simulations of IV data at low temperatures, we
have to take into account that charge-carrier transport prop-
erties are inhomogeneous with respect to the occurrence of
the EBIC kink and the electron diffusion length in CISe.
(The corresponding results concerning the electron diffusion
length are not shown here, for details refer to Ref. 27.) In
contrast to EBIC, an IV measurement provides integral infor-
mation. It is, therefore, necessary to use estimated average
values for the simulation of IV curves. All sets of parameters
used for the IV simulations shown in the following yield
good agreement of the experimental and simulated EBIC
data (without donor-type defect states at IF1). Details on the
simulations parameters are summarized in Table III.
1. Models A1, A2, and A3
In the following, we will discuss the simulations of IV
curves at low temperatures using sets of parameters includ-
ing a pþ layer with a lowered valence band maximum as the
origin of the EBIC kink. The origin of the red kink effect is
either assumed to be given by the pþ layer (model A1),
acceptors in the CdS and a conduction band spike at the
CISe/CdS interface (IF1, model A2), or acceptors at the
FIG. 11. (a) and (b) Measured IV curves
of a CISe solar-cell for red and white
light illumination at a temperature of
100K (a) and for red light illumination
at different temperatures (b). Simulated
red and white light illuminated IV curves
for T¼ 100K or 200K for: (c) Model
A1: pþ layer only, model A2: pþ layer,
acceptors in CdS and spike at the pþ
layer/CdS interface (IF1), model A3: pþ
layer and acceptors at the CdS/ZnO
interface (IF2). (d) Model B1: Deep
acceptors in CdS and conduction band
spike at the CISe/CdS interface (IF1). (e)
Model B2: Higher density of deep
acceptors in CdS. (f) Model B2: Varia-
tion of conduction band offset at IF1
(Nt;IF1 ¼ 2 1011 cm2). (g) Model B2:
Variation of donor density at IF1
(CBOIF1 ¼ 100meV). (h) Model C:
Acceptors at the CdS/ZnO interface (IF2).
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CdS/ZnO interface (IF2, model A3). The simulated IV
curves for these three models are displayed in Figure 11(c).
Our simulations of IV curves yield higher VOC values
than measured. A possible explanation for this discrepancy is
given by a non-Ohmic CISe/Mo back contact. It was shown
that a back contact barrier can cause a saturation of VOC for
low temperatures.29 We do not include such a non-Ohmic
back contact in our simulation parameters because it leads to
convergence failures of the simulation algorithm. We neglect
the discrepancy in VOC between the experimental and simu-
lated IV curves and focus only on the red kink effect at low
temperatures, i.e., the curve shape and the difference in fill
factor between red and white light illuminated IV curves.
For model A1 (pþ layer only, blue curves in Figure
11(c)), there is a difference in fill factor between red and
white light illuminated IV curves, but it is not as pronounced
as observed experimentally. Due to strongly asymmetric cap-
ture cross sections for electrons and holes (rh=re ¼ 106) and
differences in hole densities in the pþ layer, there is a differ-
ence in occupation probability of the acceptor of the pþ layer
for red and white light illumination. This results in a differ-
ence in fill factor between red and white light illuminated IV
curves. However, in contrast to an EBIC experiment, in
which it is possible to generate only in the bulk of the CISe
layer, there is generation in the pþ layer for red and for white
light illumination. Consequently, the difference in space
charge distribution for red and white light illumination is not
sufficient to cause fill factor losses for red light as observed
experimentally. It is possible to obtain better agreement
between the measured and simulated IV curves if a shallower
defect (Et;pþ ¼ EV;pþ þ 150meV) is assumed, but for the
simulation of EBIC data, a deep defect is required. We con-
clude that the assumption of a pþ layer only is not sufficient
to simulate EBIC and IV data consistently.
In model A2 (black curves in Figure 11(c)), the model
of a pþ layer with a lowered valence band maximum, deep
acceptor-type defect states in the CdS, and a conduction
band spike at the pþ layer/CdS interface (IF1) were com-
bined. While the pþ layer is the origin of an EBIC kink at
room temperature, the conduction band spike serves as a cur-
rent barrier at 100K under forward bias and red light illumi-
nation resulting in a red kink as in Eisgruber‘s model.3
Within this approach, the origins of the phenomena observed
in EBIC and IV are different. Good qualitative agreement
between the experimental and simulated data is obtained.
Another possible combination of models is that of a pþ layer
with a lowered valence band maximum as origin of the
EBIC kink and acceptor-type defect states at the CdS/ZnO
interface (IF2) to be responsible for a red kink (denoted as
model A3, green curves in Figure 11(c)). Again, the origins
of the effects in EBIC and IV are different and the qualitative
agreement between the experimental and simulated data is
good.
We conclude from these simulations that a consistent
explanation of generation-dependent transport in EBIC
and IV is not possible with the assumption of a pþ layer
only, but by assuming acceptor-type defect states at the
CdS/ZnO interface or within the CdS in addition to a pþ
layer.
2. Models B1 and B2
In Figure 11(d), simulated red light illuminated IV
curves are shown for acceptor-type defect states in the CdS
and a conduction band spike at the CISe/CdS interface
(model B1) for different values of the conduction band
offset at the CISe/CdS interface (IF1). The current in the for-
ward bias range is smaller, the larger is the offset. It is in the
lA/cm2 range for an offset value of 250meV, which is in
contrast to the experimental observations. We have shown
before that an EBIC kink occurs for offset values larger than
300meV. Since the thermionic emission current across an
energetic barrier depends exponentially on temperature, a
temperature-independent barrier cannot be the origin of
generation-dependent transport observed in EBIC and IV
simultaneously. Thus, it is not possible to explain the red
kink and the EBIC kink consistently within model B1, which
is why we do not consider it further.
In Figure 11(e), IV curves simulated for a temperature
of 100K are shown for the same set of parameters as used
for the simulation of EBIC profiles shown in Figure 6(c)
(model B2: even higher acceptor density in CdS and a small
conduction band spike at IF1). With this set of parameters,
the red kink is more pronounced and the fill factor of the
white light illuminated IV curve is smaller than observed
experimentally. For the simulated IV curves shown in Fig-
ures 11(f) and 11(g), for which additional shallow donors at
the CISe/CdS interface were assumed, a temperature of
200K was assumed because of convergence problems of the
simulation algorithm for 100K. The qualitative trends of the
parameter variations shown in the following are transferable
to lower temperatures. In Figure 11(f), a varying conduction
band offset (spike) at the CISe/CdS interface (IF1) was
assumed. The larger the conduction band spike, the more
pronounced is the red kink effect due to a larger barrier for
the electron current from the absorber layer into the CdS
according to thermionic emission theory. For the simulations
shown in Figure 11(g), a varying interface donor density at
IF1 was assumed. The presence of the positive interface
charge of the excited donor state reduces the extent of the
red kink. These simulations indicate that a consistent expla-
nation of EBIC and IV data within model B2 is possible for
a spike significantly smaller than 100meV (or even flatband
alignment or a conduction band cliff) and shallow interface
donors at the surface of those CISe grains, which do not ex-
hibit an EBIC kink.
3. Model C
In Figure 11(h), simulated red and white light illumi-
nated IV curves for a temperature of 100K and a solar cell
with acceptor-type defect states at the CdS/ZnO interface
(IF2) without (i) and with (ii) additional donors at the CISe/
CdS interface (IF1) are shown. The presence of donor-type
interface states at IF1 increases the extent of the red kink.
This is due to the pinning of the Fermi level at both interfa-
ces and the resultant field inversion within the CdS layer,
which constitutes a barrier for the electron current if there is
not enough thermal energy at low temperatures. The extent
of the red kink effect, i.e., the difference in fill factor
044515-10 Nichterwitz et al. J. Appl. Phys. 113, 044515 (2013)
between red and white light illuminated IV curves, is more
pronounced than observed experimentally with and without
interface donors at IF1. Thus, a consistent explanation of
generation-dependent transport in EBIC and IV is not possi-
ble on a quantitative level by assuming acceptor-type defect
states at the CdS/ZnO interface. For a realistic simulation of
the red kink effect, a lower interface defect density has to be
assumed than for the simulation of an EBIC kink. A spatially
varying acceptor defect density at the CdS/ZnO interface
could, in principle, account for the deviations between the
simulated and measured data. However, since the inhomoge-
neities with respect to the EBIC kink are grain specific for
grains of the absorber layer, this possibility is not likely. We
do not consider model C further in this publication.
D. Variation of the CdS thickness
The dependence of the red kink on electrical properties
of the CdS is different for the models discussed in the litera-
ture. For a variation of the CdS layer thickness, the number
of the defects directly responsible for the red kink varies
only for the models of acceptor-type defect states in the CdS
layer.2,3 In consequence, a CdS thickness variation is
expected to have the most pronounced influence for models
B1 and B2. We performed IV measurements on a series of
CISe solar cells with different CdS layer thicknesses in order
to distinguish between the models for the red kink. The room
temperature solar cell parameters and absorber layer compo-
sitions are given in Table II. The normalized red light illumi-
nated IV curves of these solar cells at a temperature of 100K
are shown in Figure 12(a). The larger the CdS thickness, the
more pronounced is the red kink effect.
In Figures 12(b)–12(e), simulated red light illuminated
IV curves for the models A1, A2, A3, and B2 are shown for
different CdS layer thicknesses. For the set of parameters
assuming a high density of deep acceptor-type defect states
in the CdS (model B2), a temperature of 200K was assumed,
again because of convergence problems of the simulation
algorithm for a temperature of 100K. For the simulation of
equivalent red kink effects at a temperature of 100K, the
spike height (100meV for 200K) would have to be reduced.
The CdS layer thickness influences the red kink in all
three models. The agreement between the simulated and
measured data is best for the model of a pþ layer only
(model A1, Figure 12(b)) and a pþ layer, midgap acceptors
in the CdS and a conduction band spike at the CISe/CdS
interface (model A2, Figure 12(c)). For the model of a pþ
layer and acceptor-type defect states at the CdS/ZnO inter-
face (model A3, Figure 12(d)), the dependence of the red
kink on the CdS thickness is less pronounced than observed
experimentally. The assumption of a high density of deep
acceptors in the CdS only (model B2, Figure 12(e)) leads to
a strong deviation between the measured and simulated IV
curves for a layer thickness of 120nm. The photocurrent is
FIG. 12. (a) Measured normalized red light illumi-
nated IV curves of CISe solar cells with different
CdS layer thicknesses dCdS for T¼ 100K. (b)-(e)
Simulated red light illuminated IV curves for (b)
model A1: pþ layer only, T¼ 100K (c) model A2:
pþ layer, acceptors in CdS, a conduction band spike
at IF1, T¼ 100K, (d) model A3: pþ layer, accept-
ors at IF2, T¼ 100K, and (e) model B2: high den-
sity of acceptors in CdS, T¼ 200K.
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significantly reduced (to some lA/cm2) in the full range of for-
ward bias, which is independent of the assumed value of the
conduction band spike and only caused by the high amount of
negative charge within the CdS layer and the resulting field
inversion. Due to these significant deviations between the ex-
perimental and simulated data, we exclude model B2.
E. Variation of the Ga-content of the absorber layer
In the following, we will discuss the influence of the
conduction band offset at the CIGSe/CdS interface (IF1) on
the red kink effect. In CIGSe/CdS solar cells, the spike
height can be varied by a variation of the Ga-content of the
absorber layer at the interface: with increasing local Ga-
content, the conduction band shifts upwards.30 Generally, it
is assumed that the conduction band offset changes with
increasing Ga-content from a small spike for the CuInSe2/
CdS interface to a cliff configuration for higher Ga-con-
tents.30,31 In this publication, a spike, i.e., if the conduction
band minimum on the CdS side of the junction is at a higher
energy level, is defined as a positive conduction band offset
and a cliff as a negative one. Pudov et al.6 showed that there
is indeed a correlation between the Ga-content and the extent
of the red kink occurring at room temperature for their solar
cells. They showed that their results are in good agreement
with the model assuming deep acceptor-type defect states in
the CdS and a conduction band spike at the CIGSe/CdS
interface, which was introduced by Eisgruber et al.3 In their
study, however, solar cells with absorber layers deposited in
a single-stage coevaporation process were used, which might
exhibit significant differences in junction properties. We per-
formed IV measurements on a series of CIGSe solar cells
with absorber layers of varying Ga-content in order to evalu-
ate the dependence of the red kink at low temperatures on
the conduction band offset at the CIGSe/CdS interface in our
solar cells with absorber layers deposited in a multistage pro-
cess. We will also show numerical simulations for models
A1, A2, and A3, i.e., for different origins of the red kink
effect, and compare them to our experimental results.
In absorber layers deposited in a multistage coevapora-
tion process as explained in Sec. II A, the local Ga to In ratio
and consequently the bandgap energy are not constant
throughout the depth of the absorber layer.21 To determine
the local Ga-content at the CIGSe surface (¼CIGSe/CdS
interface), we performed energy dispersive x-ray (EDX)
measurements on cross sections of the absorber layers con-
taining In and Ga (results not shown here, refer to Ref. 27).
In Table IV, the Ga-content at the CIGSe surface obtained
from a linear fit of EDX linescans and normalization to the
integral Ga-content as determined by means of x-ray fluores-
cence and the corresponding surface bandgap energies (bow-
ing coefficient: b ¼ 0:15) are given. The conduction band
offset at the CIGSe/CdS interface varies significantly for
these solar cells (DCBO ¼ 220meV for the solar cells with
absorber layers with Ga/III¼ 0 and 0.5).
In Figures 13(a) and 13(b), measured red and white light
illuminated IV curves for a temperature of 100K are shown.
Note that all profiles are normalized to the current density
for a voltage of V¼0.1V to make the extent of the red
kink comparable. A red kink only occurs for the samples
with a Ga-content up to Ga/III¼ 0.5. The solar cell with an
absorber layer of Ga/III¼ 0.7 exhibits a kink in both red and
white light illuminated IV curves. The CuGaSe2 solar cell
has a low fill factor for red and white light illumination, but
the curve shape is not that of the typical kink feature. For the
samples with low Ga-content (Ga/III  0:5), there is no
unambiguous trend with respect to the extent of the red kink,
i.e., difference in fill factor between red and white light illu-
minated IV curves, for an increasing Ga-content (Figure
13(a)). The red kink is more pronounced for Ga/III¼ 0.5
than for Ga/III¼ 0 and 0.3.
In Figures 13(c) to 13(h), simulated IV curves for differ-
ent values of the conduction band spike at the CISe/CdS
interface (IF1) are shown for the parameters of models A1,
A2, and A3. These three models all include a pþ layer as the
origin of the EBIC kink but different mechanisms for the red
kink effect: pþ layer (model A1), acceptors in the CdS and a
conduction band spike at IF1 (model A2), and acceptors at
the CdS/ZnO interface (IF2, model A3). A CISe absorber
layer with a bandgap energy of 1 eV was assumed and the
conduction band offset at the CISe/CdS interface was
adjusted solely by changing the electron affinities of the n-
type layers. Thus, our simulations do not reflect a real varia-
tion of the Ga-content of the absorber layer, because in this
case, a Ga-gradient and other parameters variations would
have had to be included as well. The focus is on an investiga-
tion of the influence of the conduction band offset at the
CISe/CdS interface on a qualitative level.
A change in conduction band spike (positive conduction
band offset) of only 20 to 60meV has a significant influence
on the red kink for all three models (Figures 13(c), 13(e),
and 13(g)). For flatband alignment, there is no red kink for
models A1 and A2 and the fill factor of red and white light
illuminated IV curves is largest (Figures 13(d) and 13(f)). A
cliff configuration leads to a reduced open circuit voltage for
red and white light illumination, which is explainable by
enhanced recombination in the heterojunction region due to
a reduced hole barrier at the interface. For model A3, there is
a red kink for flatband alignment and a cliff configuration
(Figure 13(h)). The open circuit voltage is again reduced for
a cliff. An offset of 200 meV leads to a more pronounced
red kink than a cliff of 300meV. We could not perform
simulations assuming a larger cliff than 300 meV because
of convergence problems of the simulation algorithm.
It is not possible to explain our experimental results
unambiguously with these simulations. A variation of the
TABLE IV. Integral Ga content as determined by XRF, Ga-content at the
absorber layer surface (SF¼CIGSe/CdS interface) as determined by EDX
and calculated absorber surface bandgap energy of the absorber layers of the
solar cells used for IV measurements. The bandgap energies for Ga/III ¼ 0
and 1 were assumed to be 1.04 eV and 1.68 eV.
Solar cell Ga/III Ga/IIISF Eg;SF (eV)
Ga/III¼ 0.3 0.34 0.28 1.19
Ga/III¼ 0.5 0.50 0.40 1.26
Ga/III¼ 0.7 0.73 0.64 1.42
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Ga-content of the absorber layer has a complex influence on
the absorber layer and consequently the solar cell: defect and
doping densities, the microstructure and grain boundaries
and interface properties might be affected significantly. All
these can have a major impact on the fill factor at low tem-
peratures. For models A1 and A2, there is no agreement
between the experimental and simulated data: there is only a
red kink for a spike configuration at the CISe/CdS interface
and the larger the spike, the more pronounced is the red kink
effect. The best explanation of our experimental data with
respect to the red kink is given by the parameters of model
A3 (pþ layer and acceptors at the CdS/ZnO interface (IF2))
assuming a small spike or flatband alignment at the CISe/
CdS interface (IF1) for the CISe solar cell. The simulations
show that a cliff of 200 meV does not affect the extent of
the red kink significantly. An increase of the absorber-layer
surface bandgap-energy by 220meV as for the sample with
Ga/III¼ 0.5 would imply a cliff in this order of magnitude.
This solar cell exhibits a similar red kink as the CISe solar
cell (Figure 13(a)), which is consistent with the simulations
for the parameters of model A3. For an even larger cliff
of 300 meV, the simulated red kink is less pronounced,
FIG. 13. (a) and (b) Normalized experi-
mental red (dashed lines) and white (solid
lines) light illuminated IV curves of a se-
ries of solar cells with absorber layers of
varying Ga-content , T¼ 100K ((a) Ga/
III¼ 0, 0.3, and 0.5 (b) Ga/III¼ 0.7 and
1), (c) to (h) Simulated red and white
light illuminated IV curves at T¼ 100K
for different values of the conduction
band offset at the CISe/CdS interface
(IF1) for models A1, A2, and A3.
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i.e., the difference between the fill factors of the red and white
light illuminated IV curves is smaller. This is consistent with
the fact that the solar cells with an absorber layer of Ga/
III¼ 0.7 exhibits only a small difference in fill factor between
red and white light illuminated IV curves (Figure 13(b)).
IV. DISCUSSION
The results of our numerical simulations are summarized
in Table V. We can draw the following conclusions about
the origin of generation-dependent charge carrier transport in
EBIC and IV from the results presented in this work.
Origin of the EBIC kink. We can only explain our results
consistently by assuming a pþ layer with deep acceptor-type
defect states and a lowered valence band maximum (model A)
as the origin of generation-dependent transport in EBIC. We
exclude the model introduced by Eisgruber et al. (model B1),
because a conduction band spike at the CIGSe/CdS interface
cannot simultaneously cause a current decrease in EBIC at
room temperature and in IV at low temperatures. The assump-
tion of a high density of acceptor-type defect states in the CdS
(model B2) leads to significant deviations between the simu-
lated and experimental IV characteristics of a series of solar
cells with varying CdS thickness as shown in Figure 12(e).
Slight deviations would be explainable by a varying interface
donor density for different CdS thicknesses due to interdiffu-
sion during chemical bath deposition (e.g., CdCu defects
32) or
an inhomogeneous acceptor distribution in the CdS with a
maximum close to the CISe/CdS interface. But since the
observed deviations are immense, we exclude this model. We
also exclude acceptor-type defect states at the CdS/ZnO inter-
face (model C) as an explanation for the EBIC kink because of
discrepancies between the simulated IV and EBIC data on a
quantitative level.
Origin of the red kink. Our results indicate that a pþ
layer alone cannot be the origin of a red kink (model A1).
The simulations yield less pronounced fill factor deficiencies
under red light illumination than observed experimentally in
our study if a pþ layer with a deep defect capable of explain-
ing an EBIC kink is assumed. This is in contrast to the model
suggested by Igalson et al.4,13,17 The results of a series of so-
lar cells with absorber layers of varying Ga-content indicate
that the conduction band spike at the pþ layer/CdS interface
does not serve as a photocurrent barrier at low temperatures
resulting in a kink in the IV curve (model A2). There is no
correlation between the absorber layer surface bandgap
energy and the extent of the red kink. This is in contrast to
the findings of Pudov et al.6 Another difference between
their and our results is that we observe a red kink only at low
temperatures, whereas they observe it for low Ga-contents
also at room temperature. Since their absorber layers are de-
posited in a single-stage coevaporation process possibly
leading to different electronic properties of the absorber bulk
and of the absorber/buffer interface, the red kink might have
different origins in their solar cells and in ours. Our results
from solar cells with absorber layers of higher Ga-contents
(Ga/III¼ 0.7 and 1) also indicate that (red) kinks or fill factor
deficiencies in general, have multiple origins. In spite of
slight deviations between the experimental and simulated IV
curves for the solar cells with varying CdS layer thickness,
the model of a pþ layer to be responsible for the EBIC kink
and acceptor-type defect states at the CdS/ZnO interface for
the red kink (model A3) provides the best explanation of
generation-dependent transport in EBIC and IV on a quanti-
tative level. This model combines models A and C. It is also
possible that a combination of acceptor-type defect states
located at the CdS/ZnO interface and within the CdS causes
the red kink. In principle, our model can also explain meta-
stable variations of the red kink effect and the negative
charge density upon a voltage bias or light soaking as
reported in Refs. 13 and 17. This will be the subject of future
work.
One requirement for the explanation of an EBIC kink
with a pþ layer is the assumption of a valence band offset
between the pþ layer and the CIGSe layer. In earlier studies,
it was found that a vacancy compound (VC) forms at the sur-
face of Cu-poor CISe layers33 (in Ref. 33, the VC layer is
denoted as ordered defect compound (ODC)). A bandgap
energy of approximately 0.3 eV larger than that of the corre-
sponding CISe layer was determined. The assumption of a
VC layer at the CISe/CdS interface questions the model of
(VSe  VCu) defect complexes and InCu antisite defects as
suggested by Lany and Zunger14,15 to be the origin of a high
negative charge density in the interface region of the solar
cell.16 Their calculations and conclusions are based on
CuInSe2 and not the structure of a vacancy compound with
an enlarged bandgap energy. In contrast to our assumption of
a highly p-doped VC layer, EBIC and spectral response data
of a Mo/CISe/VC/Al structure shown in Ref. 11 led to the
conclusion that the VC layer is weakly n-type. Whereas the
maximum of the EBIC profile shown in Ref. 11 is located
deep in the bulk of the absorber layer indicating n-type con-
ductivity of the VC layer and a buried junction, our EBIC pro-
files exhibit a maximum close to the heterojunction. This
indicates differences in junction formation between the solar
cells used in their study, which have absorber layers deposited
in a single-stage coevaporation process, and ours. One major
difference might consist in Na-incorporation in the absorber
TABLE V. Summary of the conclusions drawn from the numerical simula-
tion of EBIC and IV characteristics of CISe solar cells, CISe solar cells with
different CdS layer thicknesses and CIGSe solar cells with absorber layers
of varying Ga-content. “Yes” and “No” mean that the respective model does
or does not explain the experimental data. “not consistent” means that there
is no consistent set of parameters for a simulation of IV and EBIC data
within the respective model. “…” means that the respective simulations are
not shown in the present publication, because they are not relevant.
EBIC kink Red kink Red kink Red kink
Model CuInSe2 CuInSe2 CdS-series Ga-series
Model A1 Yes To some extent Yes No
Model A2 Yes Yes Yes No
Model A3 Yes Yes Yes Yes
Model B1 Yes Yes … …
Not consistent
Model B2 Yes Yes No …
Model C Yes Yes … …
Not consistent
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layer. This would have a major impact on the local charge car-
rier density because Na is found to increase the net p-type
doping density in CIGSe34 and also in the vacancy compound
CuIn3Se5.
35
Another important finding of this work is that charge
carrier transport is spatially inhomogeneous throughout the
solar cell. These grain-specific differences can be explained
consistently by a donor-type interface defect at the pþ layer/
CdS interface of some grains of the absorber layer. In Ref.
32, the occupation of Cu sites by Cd was found to form a
shallow donor state. The assumption that there are orienta-
tion dependent differences in diffusion properties of Cd in
CIGSe as suggested in Ref. 36 provides an explanation for
the inhomogeneities. An electronic band diagram of the
model we suggest is displayed in Figure 14.
In contrast to our assumptions, Kniese et al.1 suggested
donor-type defect states at the pþ layer/CdS interface in
addition to a pþ layer with a lowered valence band maxi-
mum as an explanation of the EBIC kink. A donor is not a
necessary component in our model to explain the EBIC kink,
but to explain the fact that it occurs only for high electron
beam currents in some grains of the absorber layer. Kniese
et al.1 assume a larger capture cross section for holes than
for electrons of this donor-type defect state. This is different
from what we assume and in contrast to the usual assumption
that a positively charged donor has a larger capture cross sec-
tion for electrons due to electrostatic attraction.
In order to identify the influence on solar cell perform-
ance, we performed simulations of white light illuminated
IV curves at 300K, which are shown and discussed in more
detail in Ref. 27. We find that the assumption of a lowered
valence band maximum in the region of the absorber layer
close to the interface has a positive effect on device perform-
ance. The hole density in this region and hence recombina-
tion are reduced.37 The presence of a pþ layer has a slightly
positive effect on the open circuit voltage due to its high
space charge density. A homogeneous intermediate density
of donor-type defect states at the pþ layer/CdS interface
would improve the fill factor. If the density is too high and
the Fermi level is pinned at the CIGSe/CdS interface, field
inversion in the CdS can occur if there is also Fermi level
pinning at the CdS/ZnO interface.8 This has a negative effect
on charge carrier transport. Acceptor-type defect states at the
CdS/ZnO interface of a density of NIF2 ¼ 8 1011 cm2, as
assumed for our simulations, do not influence device per-
formance significantly.
V. CONCLUSIONS
In this work, a combination of cross-section EBIC meas-
urements and illumination-dependent IV measurements in
conjunction with numerical simulations was used to develop
a consistent model for the heterojunction region of CIGSe/
CdS/ZnO solar cells with absorber layers deposited in a mul-
tistage evaporation process of low Ga-content (Ga/III
 0:35) (see Figure 14). Experimental results and simula-
tions indicate that generation-dependent charge carrier trans-
port in EBIC and IV experiments has different microscopic
origins. A thin (30 nm) pþ layer between the CISe and the
CdS layers with a high density of deep acceptor-type defect
states (in the range of Nt;pþ  1017 cm3) and a lowered va-
lence band maximum is suggested to serve as the origin of
generation-dependent transport in EBIC. On the other hand,
the red kink effect in IV characteristics results from acceptor-
type defect states at the CdS/ZnO interface in our model. An
explanation for spatial inhomogeneities, i.e., grain-specific
charge-carrier transport properties, observed in EBIC is given
by a varying density of donor-type defect states at the pþ
layer/CdS interface.
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